ABSTRACT: Living cells interact with their immediate environment by exerting mechanical forces, which regulate important cell functions. Elucidation of such force patterns yields deep insights into the physics of life. Here we present a top-down nanostructured, ultraflexible nanowire array biosensor capable of probing cell-induced forces. Its universal building block, an inverted conical semiconductor nanowire, greatly enhances both the functionality and the sensitivity of the device. In contrast to existing cellular force sensing architectures, microscopy is performed on the nanowire heads while cells deflecting the nanowires are confined within the array. This separation between the optical path and the cells under investigation excludes optical distortions caused by cell-induced refraction, which can give rise to feigned displacements on the 100 nm scale. The undistorted nanowire displacements are converted into cellular forces via the nanowire spring constant. The resulting distortion-free cellular force transducer realizes a high-resolution and label-free biosenor based on optical microscopy. Its performance is demonstrated in a proof-of-principle experiment with living Dictyostelium discoideum cells migrating through the nanowire array. Cell-induced forces are probed with a resolution of 50 piconewton, while the most flexible nanowires promise to enter the 100 femtonewton realm.
I n living organisms, mechanical forces between the cell and its supporting extracellular matrix (ECM) regulate important cellular functions such as adhesion, migration, growth, differentiation, or proliferation and play a crucial role for a broad range of physiological and pathological processes, including embryogenesis, metastasis and wound healing. 1−3 Hence not only biochemical but also mechanical processes are determining cellular dynamics, such that the elucidation of force exertion and mechanotransduction in living cells has evolved into a major research goal in biophysics.
As a result, cellular forces and the mechanical interactions between the cell and its environment are increasingly wellexplored. Techniques of cellular force detection are manifold, but can be generally grouped into two distinct categories. 4 Active methods are based on exerting a controlled force to induce a deformation of the cell and include magnetic or optical tweezers, 5 atomic force microscopy, 6 or the micropipet technique. 7 These single-point techniques typically offer a high force resolution down to the piconewton regime. Passive methods rely on the direct detection of the forces exerted by the cell via the deflection of an underlying flexible, fluorescently labeled substrate. These measurement techniques include traction force microscopy based on fluorescent nanoparticles embedded in an elastomeric substrate 8−10 or polydimethylsiloxane (PDMS)-based micropillar arrays 11−16 and typically yield two-dimensional maps of lateral forces in the nanonewton regime with a spatial resolution set by the separation of the markers/pillars. Both methods suffer from an unavoidable force field coupling of adjacent markers/pillars induced by the elastomeric substrate, 16 which also leads to mechanical deformations in the latter case. 17 These artifacts are resolved by the related approach of using semiconductoror quartz-based pillar arrays 18, 19 on a solid substrate. This approach has been considerably scaled down by employing GaP or InP nanowire arrays. 20, 21 As a consequence of their much lower spring constant of 3.2 × 10 −4 N/m, which is 1 to 2 orders of magnitude below typical PDMS micropillars, these nanowire-based sensors enable piconewton force sensitivity.
Even more, quasi-3D methods employing confocal techniques to extract vertical as well as lateral forces from traction force microscopy have evolved. 22−25 Note that in all presented 2D or quasi-3D schemes the cells adhere to the top of the transducer such that the probing light gets transmitted through and refracted by the cells, which leads to optical distortions 26 and hence to deceptive microscopy-based measurement results showing feigned displacements. True 3D traction force microscopy with cells immersed in a 3D matrix mimicking the ECM has only recently emerged. 27 However, even in the 3D case cell-induced optical distortions cannot be excluded since the fluorescent markers are equally immersed in the ECM, such that the emitted probe light will also be refracted from its undisturbed optical path when transmitted through a cell.
In this Letter, we present an alternative, label-and distortion-free detection scheme suitable for cellular force tracking and demonstrate its functionality with several proofof-principle experiments using the cell system of Dictyostelium discoideum (D. discoideum). D. discoideum is known to exert very small forces down to the pN range and is thus ideally suited to characterize the performance of the transducer as well as its sensitivity limits. The sensor is based on an array of vertical ultraflexible nanowires on a rigid semiconductor substrate depicted in Figure 1a . The inverted conical shape of the nanowires giving rise to a small spring constant and thus increased force sensitivity and the smooth nanowire heads acting as mirrors enhancing microscopic detection are displayed in Figure 1b . The comparatively large nanowire heads allow for precise and reproducible definition via electron-beam lithography, which, after anisotropic etching with a well-defined undercut, allows for the precise engineering of the desired spring constant. The rigid substrate ensures spatial decoupling of adjacent nanowires. Hence, the resulting nanostructured biosensor combines the advantages of ultraflexible nanowire force sensing arrays with the benefits of topdown nanofabrication, offering a large versatility for custom sensor designs even on a single chip (see Figure 1a) .
In addition, unlike the previously described examples, the presented transducer fully ingests the cells 28, 29 instead of hosting them on the surface defined by the nanowire heads. The presented scheme thus translates the concept of nanostructured substrates into three dimensions, avoiding cell-induced optical distortions. Besides offering benchmark sensitivities and precision, the sensor can be efficiently read out in parallel using light reflection rather than a fluorescence signal. 20, 30 All in all, inverted conical semiconductor nanowire arrays are highly promising devices to explore biosensing applications such as cellular force exertion.
To quantify the force sensitivity of the device, it is essential to precisely determine the spring constant k of the nanowires, which relates the lateral force F x exerted at a position z = z 0 along the nanowire with the resulting deflection X(z 0 ) via Hooke's law F x = k·X(z 0 ). It can be obtained from geometric and elastic parameters of the nanowire. For the present case of a noncylindrical nanowire, this is accomplished by a careful analytical investigation of its static deflection under a load. To this end, the differential equation of the inverted conical nanowire under the influence of a point-like shearing force F x = K acting along the x-direction on the nanowire head (z 0 = h)
with Young's modulus E and area moment of inertia I(z) is considered. 31 The nanowire is described as a clamped circular bar of a variable cross section, gradually increasing from the foot diameter 2r to the head diameter 2R with taper angle φ (see inset of Figure 1c ), such that I(z) = π/4·(r + z·tan φ) 4 (see Supporting Information for details). Using the boundary conditions of a singly clamped nanowire of length h
the differential equation is solved, yielding a head deflection of and hence a spring constant
1 tan
Note that for φ = 0 the well-established formula = k EI h 0 3 3 for the spring constant of a cylinder with I = πr 4 /4 is recovered. 32 In a preceding work, the Young's modulus of the employed inverted conical GaAs nanowires has been determined experimentally, 33 yielding a geometry-independent value of E = 45 GPa.
The spring constants of 88 nanowires of different geometry (h = 2.1−10 μm, 2R = 200 nm to 2.17 μm, 2r = 15 nm to 1.87 μm) are determined with eq 4 and plotted as a function of the nanowire geometry in Figure 1c N/m and is of the order of k = 2.0 × 10 −5 N/m reported for an individual silicon nanowire developed for single nuclear spin magnetic resonance force microscopy in a vacuum, to the best of our knowledge the lowest spring constant observed for a nanowire. 34 To further validate these findings, Finite Element (FEM) simulations have been performed for various nanowire geometries using COMSOL Multiphysics. The resulting numerical spring constants are also depicted in Figure 1c as black solid triangles.
Experimentally, the spring constant is determined by a dynamical characterization of the nanowires. This technique reverts to methodology developed in the field of nanomechanical systems, where similar nanowires have been employed for magnetic resonance force microscopy, 35 strain coupling to a quantum dot, 36 or 3D force field mapping of electrostatically defined forces. 37, 38 By resonantly driving the nanowires with a piezo transducer and optically detecting their response under vacuum conditions as described in ref 33 , the mechanical eigenfrequency of the fundamental flexural eigenmode of the nanowire
is obtained. The effective mass m eff of the nanowire accounts for the nanowire geometry and its respective deflection profile and is typically between 0.1 and 1 of the physical mass m = ρ·V obtained from the density ρ = 5307 kg/m 3 and the volume V.
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Details on the determination of the effective mass can be found in the Supporting Information. Spring constants determined from the eigenfrequencies of 75 out of the 88 discussed nanowires that underwent dynamical characterization are also displayed in Figure 1c (red squares) as a function of the nanowire geometry. The dynamically and statically determined spring constants as well as the numerically obtained values coincide almost perfectly. Hence, the static calibration method, which only relies on the precise knowledge of the nanowire geometry and Young's modulus offers a convenient spring constant calibration prior to a biosensing experiment. In particular, the tedious dynamical characterization under vacuum conditions can be avoided.
To showcase the potential of these ultraflexible and easy-todetect nanowire sensor arrays, several proof-of-principle experiments are performed with D. discoideum cells to demonstrate the capabilities of the cellular force sensor. First, the biocompatibility of the GaAs-based sensor is examined. Surprisingly, even without a passivating surface coating, 40 Figure 2a and Figure S1 of Supporting Information). For nanowire separations exceeding 3 μm, they start penetrating into the 3D array (see Figure 3a and Figure  S1 ). The lattice period of the sensor of 5 μm thus ensures that cells reside between the nanowires instead of spreading across their heads. This is a significant advantage compared to the 2D, quasi-3D, and 3D force mapping schemes discussed earlier. 8, 9, [11] [12] [13] 16, [18] [19] [20] [22] [23] [24] [25] 27 The clear separation of the optical path from the cells in the 3D nanowire environment prevents cell-induced optical distortions caused by the refractive index mismatch between the cells and the surrounding medium that arise whenever microscopy is performed through the cells. This effect can significantly perturb displacements probed in an optical microscope and thus falsify the derived cellular forces. An illustrative example is shown in Figure 2 , which features a completely rigid nanowire array. The nanowire geometry is apparent from Figure 2a . With a length of 4.6 μm and a head (foot) diameter of 1.4 μm (1.2 μm), the nanowires under investigation feature spring constants in the range of 165 N/m (data point labeled IV in Figure 1c ) and can be considered immobile. As a result of the lattice period of 2.8 μm, D. discoideum cells adhere on top of the nanowire heads. Figure  2b shows optical distortions caused by a D. discoideum cell atop this array. Both the cell, expressing free GFP, and the nanowire heads are simultaneously monitored in a dual-view optical microscope, using the emitted fluorescent light (530 nm) as a cellular probe and the light from the excitation laser reflected from the nanowire heads (488 nm) to track their position. Figure 2b depicts an overlay of the two signal channels where the fluorescence of the D. discoideum cell expressing free GFP is shown in green, while the excitation light reflected from the nanowire heads is displayed in blue. Despite the fact that the nanowires are completely immobile, some of the nanowires below the cells seem to be displaced. This is illustrated by the white arrows, which have been obtained by numerically evaluating the relative shift of each nanowire head centroid at the time of image acquisition compared to a reference frame without the cell (size of arrows scaled by a factor of 17.75). Two time-lapse videos of the cell-induced optical distortions of the rigid nanowire array are available in the Supporting Information. Four exemplary nanowires indicated by white circles in Figure 2b are analyzed more closely in Figure 2c , which displays the evolution of their optical distortions over time. While the position of nanowire 1 (no cell contact) is not distorted, a distortion of the position of nanowire 2 arises after 2 min when the cell starts migrating over its head. Nanowires 3 and 4 are originally covered by the cell, and the optical distortion vanishes as soon as the cell detaches after 7 and 5 min, respectively. Notably, the distortions caused by the cells atop the nanowire heads lead to feigned displacements of up to 150 nm.
Thus, importantly, the proposed configuration of optically detecting nanowire heads protruding from the cells enables the accurate operation of the force sensor. Light is reflected from the nanowire heads and exclusively propagates through the buffer solution, while the cells remain confined within the array. The resulting image therefore contains the information on cell-induced mechanical effects, but remains free of optical distortions. This is the configuration explored in the remainder of this Letter.
The operating principle of the sensor is visualized in Figure  3a , which shows a scanning electron micrograph of a hexagonal array of long and flexible nanowires and attached D. discoideum cells. 44, 45 As a result of the large lattice period of 7 μm, the cells residing on the substrate between the nanowires can be clearly discerned. The nanowires are 7 μm long and exhibit a head (foot) diameter of 840 nm (220 nm). The cell is in contact with several nanowires, two of which are strongly deflected.
Finally, D. discoideum cells are immersed into an array of flexible nanowires with a length of 8.8 μm, a head (foot) diameter of 600 nm (80 nm), and a lattice period of 5 μm to evaluate their mechanical deflections. The cell-induced nanowire deflection is explored using the dual-view fluorescent microscope, which allows for the simultaneous observation of both the D. discoideum cells fluorescently labeled with Lim-GFP and the individual nanowires of the array. Figure 3b displays overlays of the dual images recorded at two different time steps. Clearly, a cell migrating between the nanowires can be discerned. The lattice period of 5 μm ensures the migration of the cell within the 3D array, while maximizing the cell− nanowire interaction. The red arrows in Figure 3b display the actual nanowire head deflections (magnified by a factor of 10), which have been obtained by evaluating the relative shift of each nanowire head centroid at the time of image acquisition compared to their reference position without the cell. This technique enables subpixel displacement resolution 46 of 17 nm (see Supporting Information for details), given the size of a camera pixel of 65 nm. Note that the thermal motion of the nanowire is strongly overdamped by the surrounding buffer solution and does not lead to measurable limitations of the sensitivity.
At t = 0 s, the cell has deflected several nanowires by hundreds of nanometers. Note that the deflection of nanowire 1 is too large to be included as a red arrow; instead its deflection amounting to 3.7 μm is represented as a blue arrow with a scale factor of 1 in the magnifying inset. The evaluation of the nanowire head centroid with respect to its reference position as well as the cell's center of mass also allows for the elucidation of the direction of the applied force. Since the nanowire head is found between its reference position and the cell, we conclude that it was deflected by a pulling force. It is noteworthy to observe that the strong cellular force exertion of this particular nanowire coincides with a strong actin polymerization, which is apparent from the strong Lim-GFP fluorescence.
47−49 At t = 65 s, the cell has detached from nanowire 1, which has snapped back into its equilibrium position, while a few other nanowires still exhibit appreciable deflections. A time-lapse video of the cell−nanowire interaction is presented in the Supporting Information. Figure 3c traces the deflection of four distinct nanowires of the array (see white markers in Figure 3b ) as a function of time. Nanowire 1 is massively deflected by up to almost 4 μm for the first 40 s before the cell detaches and lets the nanowire relax. Nanowire 2 follows the deflection of nanowire 1 with a short delay, albeit with a much reduced amplitude. Nanowire 3 is not in contact with the cell and remains at rest throughout the entire sequence, whereas nanowire 4 is initially at rest before the cell migrates toward the nanowire and gradually starts deflecting it by a few hundred nanometers.
The observed nanowire deflection is converted into a cellinduced force using k = 3 × 10 −3 N/m determined by eq 4 (data point labeled II in Figure 1c) . A lower limit is obtained from the dual-view micrographs under the assumption that the force is exerted at the nanowire head (see right axis of Figure  3c ). This allows for a convenient characterization of the force resolution, which corresponds to 50 pN for the presented device.
The determination of the absolute force exerted on the nanowire by a migrating cell additionally requires the exact position of the point load, i.e., the position of the cell− nanowire contact point along the z-direction (see, e.g., Figure  3a ). This information cannot be obtained by regular microscopy, but is available via confocal techniques. Figure  4a displays a 3D reconstruction of a data set acquired with a spinning disk confocal microscope. Again, both the fluorescence of the LimGFP-labeled cell (green) and the reflected pump light (red) showing the nanowire heads as well as the substrate are overlaid. The nanowire profile visualized in gray is reconstructed from a reference image of the undeflected nanowires and eq 3. Figure 4b shows a cross section of the 3D reconstruction along the x−z plane, cutting through the central nanowire (see Supporting Information for further cross sections). The cell−nanowire contact points are clearly discerned and highlighted by white arrows, enabling a quantitative analysis of cellular forces in future applications of the presented sensor array.
In conclusion, we have developed a nanomechanical biosensor 50, 51 consisting of an array of top-down fabricated, ultraflexible nanowires, which is capable of probing minute forces exerted by living cells. Contrary to conventional cellular force sensing architectures, the optical path of the microscope imaging the nanowire heads is completely separated from the cells, which are confined within the array. This precludes optical distortions caused by cell-induced refraction, which is shown to produce feigned displacements of motionless nanowires exceeding 100 nm. The demonstrated microscopy scheme is free of cell-induced distortions and hence advances the state-of-the-art cellular imaging. 26 Cell-induced nanowire deflections are converted into the exerted force via the nanowire spring constant, and the position of the cell− nanowire contact. The force resolution is characterized using regular optical microscopy. For the ultraflexible nanowires depicted in Figure 1b , reaching the unprecedented 100 fN realm is anticipated. For a quantitative analysis of cellular forces, cell−nanowire contact positions are determined by spinning disk confocal microscopy. Furthermore, the spring constant can be customized for specific applications within a broad range of 7 orders of magnitude by adapting the nanowire geometry. This allows to address different force regimes and, e.g., to systematically explore mammalian cell types exhibiting much stronger passive pushing and active pulling forces, or to investigate the impact of inhibitors on the force exertion of contractile cell types. Spinning disk confocal microscopy provides the time resolution not only to probe force fields in three dimensions but also to perform quasi-3D force tracking on living and migrating cells with high resolution and sensitivity. This will enable profound insights into the dynamics of living cells in a nanostructured environment, but could also reveal details on the influence of mechanical deformation on gene expression by exploring the mechanical response of gene-modified cell types. 52, 53 Even more, it entails perspectives for the development of advanced biochemical and pharmaceutical cell assays, targeting, e.g. wound healing, 54 cancer cell metastasis, 55 or stroke recovery 56 once extended to human cells. 40−43 Further applications are foreseen even without the use of a spinning disk confocal microscope, since the presented high-resolution label-free biosensing scheme is particularly useful for high-throughput screening using conventional far field microscopy. In a broader context, the presented technique allows for the exploration of shear forces in flow chambers close to surfaces or to study the dynamics of vibrating nanowire arrays. 
